Shoulder height is a reliable indicator of age for African elephants (Loxodonta africana), and is therefore an important parameter to be recorded in field studies of population ecology of these pachyderms. However, it can be somewhat difficult to estimate with precision the shoulder height of free-ranging elephants because of several reasons, including the presence of drops and vegetation cover and the potential dangerousness of approaching them in the wild. Here I test two alternative models for estimating shoulder height of elephants. In both models, the equipment needed to generate the height estimates is minimal, and include a telemeter and a digital photo-camera furnished with an x16 zoom. The models are based respectively on a linear regression approach and on a geometric formula approach, and put into a relationship the linear distance between the observer and the animal, the number of pixels of an elephant silhouette as taken from digital photos, and the absolute height of the animal. Both methods proved to have a very small measurement error, and were thus reliable for field estimates of elephant shoulder heights. The model based on a geometric formula was used to estimate the shoulder height distribution of an elephant population in a savannah region of West Africa (Zakouma National Park, Chad). I demonstrated that Zakouma elephants were among the tallest populations in Africa, with growth rates being highest throughout the first five years of life. ' Uomo, Univ. di Roma 'La Sapienza', viale dell'Università 32, Italy. by using a field study of a population of African elephants (Loxodonta africana) from Zakouma National Park, Chad (West Africa). These techniques are especially valuable because require only a few simple instruments (for instance, a digital camera to take elephant pictures and an optical range-finder to measure the distance from the elephant to the camera), and are therefore very useful in logistically difficult contexts as those that ecologists usually experience in most African countries.
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Material and methods
Model I: a linear regression approach
The application of this method requires the employment of two instruments: (i) a telemeter for evaluating the linear distance between the observer and the target animal, and (ii) a digital camera furnished with an x16 zoom. The model allows directly relate two variables: the linear distance between the observer and the target animal and the number of pixels relative to the silhouette of the photographed animal. By knowing these two variables, it is possible to accurately estimate the body size of the target elephant.
Structure and calibration
Five cardboard elephant silhouettes of known height (50, 100, 150, 200, and 250 cm) , and with a grey coloration similar to the natural coloration of African elephants, were photographed with a digital camera from different distances, increasing by two-by-two m steps each time. At each distance step, the elephant silhouette was also shot by a Canon MVX 150i television camera, with a fixed ×16 zoom.
The shooting procedure was done at a site inside urban Rome (Circo Massimo). This site was selected as a trial site because it was the only area in Rome with open grassy structure and regular distributed tree coverage at the borders, i.e. the conditions that naturally occur in an African savannah. The trials were conducted at midday, with a sunny weather and terse sky.
A 100-m wire was placed along a straight line and fixed at the extremities through two pickets. At one of the extremities, the observed was positioned together with his photographic equipment. Along the wire, starting at a distance of 40 m from the observer, all the spots situated at successive distance intervals of two m were registered. The elephant silhouettes of all sizes were shot every two m starting at a distance of 40 m from the observer, and were also photographed at every distance interval. Thus, a total of 31 digital photos were done for each silhouette. At each distance interval, the linear distance between the observer and the silhouette was also measured by the telemeter. The minimum distance of 40 m from the observer was selected because it is the minimum distance from which a whole silhouette of 50 cm height was wholly visible inside the photo-camera, and therefore included into a single digital photo.
A database was created for each silhouette, including (i) the real distance, (ii) the distance measured by the telemeter, (iii) the digital photo, and (iv) the time code of the photo into the tape. Each photo was cut out using Adobe Photoshop, and its corresponding number of pixels was calculated. In order to estimate a measure of variability in this count, this operation was repeated ten times, and a table was built for each photo with ten independent counts of the number of pixels of each silhouette.
A regression model was then built, with X being the distance and Y the number of pixels.
Model II: a geometric approach
Structure and calibration My geometric approach is similar to that described by Shrader et al. (2006a) . A formula related to the digital image of an elephant was used to estimate the height of an individual in cm (Fleury and Mathieu 1956) . The formula uses three variables: (i) the distance from the elephant to the camera, (ii) the size of elephant image in pixels, and (iii) the focal length of the digital video-camera (Fig. 1) .
The model was calibrated using a cardboard elephant silhouette of known height placed at different distances (these silhouettes are of the same size than those used for Model I calibration). To correct for the rangefinder's error, each distance was measured both by the rangefinder and by a measuring tape (in cm). A picture of the cardboard silhouette was taken at each distance starting at 40 m up to 100 m (31 distance classes of two m each).
Estimating the height of the elephants in Zakouma National
Park, Chad Model II was used for estimating the height distribution of African elephants in the Zakouma National Park, Chad. The park (ca 305000 ha) is located in S-E Chad and is included in the Salamat and Guéra prefectures, between 10°34´ and 11°03´ N and 19°21´ and 20°00´ E (Fig. 2) .
The study area is fairly flat and reaches its highest point (415 m asl) near the village of Zakouma. The Eastern part of the Park is crossed by rivers running from N to S, among which the Bahrs Korom, Biheda, Djourf, Rossé, Sagma, and Salamat rivers are the most important. The climate is typically Soudano-Sahelian (Aubréville 1950) with seasonal rainfall from March to November estimated in 853 mm yr -1 at Zakouma station for the 1996-1998 period (Dejace 2002) . The vegetation varies according to the rainfall gradient: Acacia seyal Del. savanna is dominant in the north, but is replaced by Combretaceae savannah (Combretum glutinosum Perr.) in the central part. The southern part of the park is mostly Caesalpiniaceae savannah (Afzelia africana Smith) (Calenge et al. 2002) .
Unlike many other parks across Western and Central Africa, the Zakouma National Park still offers strong and healthy populations of many mammals such as elephants, buffaloes (Syncerus caffer), giraffes (Giraffa camelopardalis), roans (Hyppotragus equines), greater kudu (Tragelaphus strepsiceros) and lions (Panthera leo), as well as of many other animals such as reptiles and birds (Dejace et al. 2000) .
The elephant population was estimated to be 4351 ± 1354 individuals, being the Chad's largest. A recent study of movement patterns suggested that this population spends the main part of the dry season inside the Zakouma National Park. Elephants are primarily concentrated in the Eastern part of the park during the dry season, and move into the neighbouring areas soon after the arrival of the first rains (Maillard et al. 2001; Dolmia and Cornelis 2004) . However, the ecology of the Zakouma elephants is still poorly known, and is currently under study by the author for the fulfilment of her Ph.D. Between January and April 2004, 1228 free-ranging elephants were observed and videotaped. Next, 767 individuals were identified from digital images. Sex was determined for adult individuals by head shapes and genitalia (Moss 1996) . For many newborn and young individuals it was impossible to determine their sex due to vegetation cover; these individuals were grouped into the "undetermined" category.
Each elephant was photographed in the field using a digital video-camera (Canon MVX150i) with a fixed focus distance. The distance from the video-camera to the elephants was recorded using an optical range-finder (Bushnell Yardage Pro Legend). The distance from the elephant ranged between 40-70 m depending on visibility conditions and elephant approachability.
From the digital images, each elephant shoulder height was measured in pixels as the height from the top of the shoulder blade to the ground (Fig. 3) . To calculate shoulder height, I included in the analysis only those photographs with elephants on completely open ground, i.e. where the vegetation cover did not hinder the accurateness of my estimates. Individual reconnaissance was based on the identification of unique features characterizing each animal, for instance the size and shape of tusks and the characteristic patterns of the ears (Douglas Hamilton 1972), and further confirmed by the use of an appropriate software (Petriccione et al. 2006) .
Age was estimated from shoulder height by applying a recent model of growth curve (Shrader et al. 2006b ) derived from the general Von Bertalanffy growth curve:
, where h i is the shoulder height, h b is the shoulder height at birth, H ∞ is the asymptotic shoulder height, k is a constant determining the rate of growth and t is the age of an individual (Hanks 1972) . The functions, relative to males and females, were: hi = 104.7 + (312.0 -104.7)(1 -e -0.069x ) for males, and hi = 97.6 + (231.6 -97.6)(1 -e -0.146x ) for females.
These functions allowed for the extrapolation of age up to an age of 14 yr for females and up to an age of 25 yr for males. After these ages, it is inaccurate to use the Von Bertalanffy growth curve, and hence I used the visual assessment method prescribed by Moss (1996) . It consists in identifying the morphological peculiarities of each individual. Indeed, in older males head gets larger across the forehead and at the base of the tusks, giving the head a more hour-glass appearance from a front view as he gets older. Other characteristics used by Moss' method are the size of the head in relation to the body and the thickness of the neck and trunk. In older females tusk circumference and length increase as females get older. Overall appearance is also an aid. Older females get bonier around the shoulders and head, and the tops of their ears fold down more and appear to be positioned lower in relation to the head and shoulders than those of younger females. Indeed, the standard deviations of the ages estimated for elephants from their shoulder heights increased with increasing shoulder height in this study. Standard deviations increased markedly and attained values higher than five at shoulder heights > 215 cm for females (Fmax test for equality of variances F 2, 99 = 16.83, p < 0.01). For males, the standard deviations changed at a more gradual rate, and exceeded a value of 5 at shoulder height higher than 290 cm.
All individuals were classified into eight age categories: 0-1 yr (newborn), 2-5 yr (young1), 6-10 yr (young2), 11-15 yr (subadult1), 16-20 yr (subadult2), 21-35 yr (adult1), 36-50 yr (adult2), and > 50 yr (adult3).
Statistical analyses were done with SPSS (version 11.0) software, all tests being two-tailed and alpha set at 5%. I employed parametric tests when the data distribution satisfied the criteria of normality and homoscedasticity.
Results and discussion
Model I
The mean number of pixels was significantly different among the various distances (one-way ANOVA: F 30, 279 = 28318.63, p < 0.0001), meaning that despite the small size of the distance intervals (two m), it was sufficient to get a number of pixels significantly different at the various distance classes.
Potential errors in the measurements are linked to two independent sources: the human error in measuring the pixel size on the digital images (i.e., during the cutting out operation of the silhouette from the surroundings of the photo), and the error due to the fact that each photo tends to be less well-defined at longer distances, thus introducing some noise in the pixel exact counts. However, this latter source of error is already taken into consideration in the regression line. On the other hand, the human error was estimated by doing ten independent replicates of the same measurement for each distance interval. The means and dispersion measures for each of these distance classes are reported in Table 1 . The mean error in the number of pixels was 0.1687 (range 0-0.3145, n = 31, SD = 0.068, SE = 0.0122), and in cm was 0.08 (range 0-0.1367, n = 31, SD = 0.0321, SE = 0.0006), thus being practically imperceptible. This was also confirmed by a one-way ANOVA on the various replicates (F 9, 300 = 0.000406, p = 1), and with an inter-classes correlation index showing a very high repeatability of the data (model: r = s2a/(s2+s2a), r = 931.7362/ (0.380287+931.7362) = 0.9995). It is therefore possible to conclude that for the application of model I only the mean values for each group should be used.
For generating the data function, only the measurements taken by the telemeter are used, with X being the distance and Y being the ratio elephant silhouette/number of pixels (in cm). This index was repeated five times for each distance, and thus for each distance a table was 
Model II
Potential errors in the measurements are linked to two independent sources: the rangefinder error and the human error in measuring the pixel size on the digital images. The rangefinder error was estimated by comparing the distance from the cardboard silhouette in cm measured manually with the tape to the distance in cm obtained by the optical rangefinder (Fig. 4) . On average, the rangefinder measurements were 55 cm greater than the manual tape measurements which would result in an error of 0.924 cm in shoulder height estimations.
The human error was estimated by taking ten replicate measurements in pixels on the same photo for 31distance classes. On average, the difference between the various measurements on the same photo image was of 0.16 pixels corresponding to an error of +0.0057 cm in shoulder height estimation. Thus, the human error in measuring Table 1 . Mean and dispersion measures for the human error in the measurement of the number of pixels included in a cardboard elephant silhouette at the various distance intervals considered in this study. Symbols: D40 = distance of 40 m, etc. the elephant height from the digital images was irrelevant (one-way ANOVA: F 9, 300 = 0.00, p = 0.98, ICC = 0.9995).
Comparing the two methods
For brevity, in order to evaluate the performance of the two methods in characterizing the shoulder height of elephants, I present here only the comparisons for the smallest and the largest elephant silhouettes ( Table 2 ). The average differences were very small (up to ca 3 cm out of 250 cm in the largest silhouette!). This demonstrates that the two methods not only provided very similar results, but also gave confident estimates of the actual elephant shoulder height. Therefore, they can be certainly used for field studies of these pachyderms. I used a relatively cheap camera-technology (priced ca 400 €), and with a better equipment the accurateness of the estimates should have been even much better. The mean error measurements for all the silhouette sizes are given in Table 3 . Estimating the height of African elephants in Zakouma National Park, Chad
During the study period, 352 individuals were photographed for calculation of shoulder heights: 317 females with their calf and 35 adult males. The shoulder height distribution is given in Fig. 5 . The minimum shoulder height observed was 79.4 cm, as other African populations (Amboseli: Lee and Moss 1995; Murchison Falls: Laws et al. 1975) . However, at Zakouma the adult females reached the height of 279.5 cm, thus being among the tallest populations currently known (Fig. 6 ). For the adult males, the maximum shoulder height was 323.4 cm, being significantly taller than females. The height distribution by age classes is shown in Fig. 7 . Growth rates were highest throughout the first five yr of . The body growth of females started to slow down by the age of 15, when the male growth rate was still high: between ten to 15 years age, mean male growth per yr was approximately 7.15 cm. Male growth started to slow down after the age of 25 (Fig. 8) .
Conclusions
I compared the results of two easy to use models that can be useful to calculate the shoulder height of free-ranging elephants from a known distance. The Model I, based on a regression approach, is still to be validated in the field but appears to be valuable on the basis of the trial tests presented here. Model II, based on a geometric formula, was already applied to a free-ranging population of elephants in Zakouma National Park, Chad, and appeared to work well for this case study, as shown by Shrader et al. (2006a) on South African elephants. The estimated error for both models was low, indicating a strong accuracy. Nevertheless, especially in the case of Model II, even this small error should not be underestimated, as it allows establishing the height limit to be considered for measuring an accurate age of an individual. Since growth rate of elephant decreases with age, if our error limit is higher than the small size increases of aged elephants, then the accurateness of our method will fail. With Model II it was possible to obtain accurate age estimations for the Zakouma elephants aged up to ten yr for females and 20 yr for males. After this age, if we add the estimation errors to the real measure obtained from the two methods (estimation of size and estimation of age from the size), we come up with an estimation that is likely higher than the yearly growth rate, and this impedes to guarantee accurate age estimation. Therefore, after these ages it is advisable to subdivide the populations in age classes and to rely on other morphological parameters, especially for individuals older than 20 yr (Moss 1996) .
A potentially relevant aspect of my study is that these methods can be easily applied to other savannah animals such as lions, rhinos, buffaloes, zebras, and giraffes in Africa and elsewhere. Obviously, it will be necessary to recalculate the measurement errors to avoid introducing biases in the analyses. 
